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DEVELOPMENT OF A STABLE-BETA TITANIUM ALLOY

ABSTRACT

Research has progressed toward the objective of developing
stable-beta titanium sheet alloys capable of being precipitation hardened
to high strengths. Screenino criteria are rollability, and response to
heat treatment. In this phase of the contract, additions of 12. 5 and 15%
Cr and Mn were made to the three base alloys, Ti-17V-3A1, Ti-8V-6Mo-
3A1, and Ti-15Mo-3A1. All such alloys were found to have poor fabrica-
tion characteristics, and also low ductilities in both the solution treated
and aged conditions. The maximum amounts of Cr, Mn, and Fe which can
be added to the three groups of alloys therefore are:

Maximum % of Cr, Mn or Fe
Tolerable For Fabrication

Base Alloy (to nearest 2.5%)

Ti-17V-3AI 10.0 Cr
10.0 Mn

7. 5 Fe

Ti-8Mo-8V-3AI 10.0 Cr
10.0 Mn

7. 5 Fe(borderline)

Ti-15Mo-3A1 10. 0 Cr
10.0 Mn

5. 0 Fe

In this report the response of alloys to heat treatment was evaluated
by means of tensile testing and metallographic examination. Oxidation
tests revealed that the Ti-17V-3A1 alloy group had the poorest oxidation
resistance, and the Ti-15Mo-3A1 group the highest, as measured by loss
in weight/square cm. Densities of Phase I alloys were found to vary from

0. 175 to 0. 189 pound/cubic inch. Based on the above studies, three base
alloys were selected for Phase II.
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INTRODUCTION

The object of this contract is to develop stable-beta titanium alloys
capable of being hardened to useful combinations of strength and ductility.
Toward this end, in the First Quarterly Report, the minimum amounts of
Cr, Mn, and Fe which could be added to the three base alloys of Ti-SMo-
8V-3Al, Ti-15Mo-3AI, and Ti-17V-3AI, while retaining the beta phase
upon plate cooling, were determined. For the first base alloy they were
7.5% each of either Cr and Mn, and 5% Fe; for the second, 5% of Cr, Mn,
and Fe; and for the third, 10% Cr, and 7. 5% Mn or Fe. Alloys containing
less than these amounts were unstable, undergoing a loss in ductility and
an increase in strength whenaged. While it was found that the amount of
iron needed for stabilization of the beta phase was close to the amount
found to cause cracking during rolling and embrittlement on aging, no
fabrication trouble was experienced with up to 10% of either Cr or Mn.
With the prospect of being able to obtain bases of higher strength than
those so far discovered, it was decided to make additions of 12. 5 and 15%
Cr and Mn only to each of the three base alloys and to investigate fabrication
and tensile properties of the resulting compositions.

Density and oxidation determinations were made on selected Phase I
alloys and analytical determinations made of those alloys thought most
suitable as Phase II bases.

MATERIALS AND PROCEDURES

Materials used in the period covered in this report were the same
as those described in the First Quarterly Report; like melting, processing
methods and testing procedures were also used. Oxidation tests were
performed in air using 1-inch square pieces of 0. 050-inch gauge sheet in
open crucibles. The specimens were weighed before and after scale
removal by sandblasting. Density determinations were made by the usual
method of weighing in air and then in deaerated water using a precision
balance.
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DISCUSSION AND RESULTS

In work reported in the First Quarterly Report, it was found that
additions of up to 10% Cr and Mn to the base alloys resulted in alloys
having good fabrication properties. It was, therefore, decided to try
two further increments of Cr and Mn in steps of 2. 5% each, to see if new I
alloys combining both good fabrication properties and higher annealed
strengths could be obtained.

Rolling Results

Sheet was processed as in Phase I, being hot rolled to 0. 080-inch
gauge, then being cleaned by sdndblasting and pickling, before being cold
rolled to 0. 050-inch gauge. Figures 1 to 3 are typical of the severe
cracking taking place in all of the "new" alloys, mainly during the cold
rolling operation. It may be concluded that, without modification of
rolling procedure, it will not be possible to produce good strip from alloys
of these compositions. However, production of sheet which is hot rolled
to final gauge may be possible with some of the alloys; Ti-17V-12. 5Mn-
3A1 may be considered marginal in this respect.

Tensile Results

Tensile tests were performed upon all except two alloys, Ti-8Mo-
8V-15Mn-3AI and Ti-l5Mo-l5Mn-M3A, where the sheet produced was so
badly cracked that no specimens could be obtained. Tests were performed
on the other alloys after solution treatment at 1350F for 15 minutes,
followed by slow cooling, and after this treatment plus an age of 8 hours
at 900F. With the exception of Ti-17V-12. 5Cr-3A1 and Ti-15Mo-12. 5Cr-
3Al, which were marginal, the results shown in Table I indicate that
little or no ductility existed in these alloys. Strengths and moduli
increased with replacement of vanadium by molybdenum, and to a lesser
extent with additions of manganese and chromium. It will be observed
that aging this group of alloys caused little change in tensile properties,
which demonstrates that it would be impractical to attempt precipitation
hardening through further additions of Cr or Mn.

Based on these results and those previously reportedo1 ' it appears
that a limited range of useful composition exists in each base alloy: with
insufficient beta stabilizing elements present, the alloys are unstable;
with too much, they cannot be fabricated.

1. Rosenberg, H. W., "Development Of A Stable-Beta Titanium Alloy,"
Contract No. DA-30-069-ORD-3743, First Quarterly Report, June 29
through September 30, 1962.

-4-1



Limits of acceptability therefore are:

Min. % Alloying Max. 5 Alloying
Element Needed Element Tolerable
For Stability For Fabrication

Base Material (to nearest 2. 5%) (to nearest 2. 5%)

Ti-17V-3A1 10.0 Cr 12. 5 Cr
7.5 Mn 10. 0 Mn7.5 Fe 7.5 Fe

Ti-8Mo-8V-3A1 7. 5 Cr 10. 0 Cr
7.5Mn 10.0Mn
5.0 Fe 7.5 Fe

Ti-15Mo-3AI 5.0 Cr 10. 0 Cr
5.0 Mn 10.0 Mn
5.0 Fe 5.0 Fe

The limits for iron are rather narrower than for the other two
elements. The onset of brittleness with increasing alloy content may be
related to the body-centered-cubic beta structure. By analogy with other
alloy systems, the transition temperature of beta might be expected to be
sensitive to total alloy content, particularly as the alloying element and
the titanium base become further separated in the periodic table. Warm
rolling the commercial Ti-13V-llCr-3A1 at 200 - 300F improves its
rollability. Because a similar effect should be observable in the alloys
of this contract, marginal rolling alloys were considered for Phase II
materials. However, there is a possibility that this may result in certain
undesirable aspects from the standpoints of producibility and quality.

Metallography

Metallographic examination of the alloys was undertaken to
determine the recrystallization temperature and beta transes. Figure 4
illustrates extensive slip and elongated grains typical of the as-rolled
condition. An innocuous precipitate was also usually present in the
as-rolled structure. Occasionally extensive cracking was observed
(as seen in Figure 6). After heat treating for J-hour at 1250F, a
precipitate was present in the grain boundaries, as in Figure 5, which
gradually dissolved on heating at temperatures of 1450F and above, as
in Figure 6. Recrystallization began at 1350F. Some grain growth was
evident in many alloys at 1550F (Figure 7 is anexample). Exceptions
to these generalizations were the 15% Mo alloys containing 12. 5 and
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15% Mn, in which little precipitate appeared at any temperature. This
lack of precipitate may be due to the sluggish eutectoid reaction of Mn
which in binary Ti-Mn alloys often promotes the beta-isomorphous type
of phase equilibrium. That very little precipitate appeared in the alloys
containing Mo and Mn may also be due to the purities of the alloy con-
stituents used in melting. For example, small amounts of precipitate N
accompany the use of an 85% V - 15% Al master alloy in Ti-13V-llCr-3Al,
whereas precipitate is absent when high purity elemental constituents are
used. These particles remain undissolved even at temperatures at which
intermetallic compounds are in solution in the beta phase. No significant
effect of this precipitate on tensile properties has been shown.

In alloys whose tensile properties were detailed in the First Quarterly
Report, subsequent metallographic examination revealed that a good cor-
relation existed between tensile properties and microstructures. Figure 8
shows Ti-15Mo-7. 5Mn-3A1 after solution treatment, and Figure 9 shows
the same alloy solution treated and aged. This alloy had 25% total elonga-
tion before and after aging, and may therefore be regarded as stable for the
purposes of this program. The two figures indicate that little precipitate
appeared upon aging. By way of contrast, Ti-17V-2. 5Fe-3A1, an unstable
alloy, had 15% elongation before aging and 6% afterwards, concomitant
with considerable strengthening. Comparison of Figures 10 and 11 show
a darkening of grains after aging that is typical of alpha precipitation.
Figures 12 and 13 show the microstructural response to aging of Ti-15Mo-
5Cr-3A1, an alloy which may be regarded as being semi-stable. Note
that alpha precipitate darkened certain grains only, others being unaffected. J
This is caused by polygonization of certain grains preliminary to full
recrystallization, whereby such beta grains are subject to rapid aging.
This polygonization is characteristic of partially recrystallized beta alloys
and makes it difficult to tell whether true recrystallization has in fact
occurred, unless the alloy is aged after annealing.

Oxidation Studies

In order to round out Phase I, it was necessary to determine the
oxidation resistance of selected alloys.

These tests were carried out at five temperatures, samples being
given 2 hours exposure. Tests were carried out in open crucibles, using
a still air electric furnace and samples 1-inch square, and results
determined as grams of weight lost per square centimeter after sand-
blasting. This method will be replaced in future tests by a method using
a covered crucible, as observations showed that the oxides tended to
spall on removal from the furnace, and as sandblasting is not uniform. I

I
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Results are given in Table II and shown in Figures 14 to 16. It will be
seen that the oxidation resistance of the 15% Mo group of alloys was
superior, the least oxidation resistance being found among the 17% V
group. Of the other alloying elements added, in all cases Cr conferred

the greatest oxidation resistance with little to choose between Fe and Mn.

Density Determinations

Density determinations were carried out upon sandblasted and pickled
portions of sheet, which were weighed in air and then in deaerated water
and the apparent loss in weight determined. A precision balance capable
of weighing 0. 1 milligram was employed. Densities so calculated varied
from 0. 175 lbs/cu. in. to 0. 189 lbs/cu.in. and are shown in Table III.
This was an 8% range, meaning that an alloy of yield strength of 165,000 psi
and a density of 0. 189 lbs/cu. in. would only be as strong, on a strength-
to-weight basis, as one of density 0. 175 lbs/cu.in. and 153,000 psi yield
strength. On this strength-to-weight basis, the base alloys selected for
Phase II have ratios exceeding 850, 000, whereas that of Ti-13V-llCr-3A1
is 715, 000 to 750, 000 in the annealed condition.

Analytical Determinations

In order to check that no formulation difficulties would be encountered
in melting of alloys selected for Phase II, it was necessary to analyze the
candidate alloys. Standard ASTM procedures, where applicable, were
used for the analyses. Results in Table IV show that with exceptions of
the Fe and Mn contents all values are close to those calculated. Some loss
of Mn is normal due to its volatility; the higher Fe contents may be due to ®

partitioning during melting.

SELECTION OF BASE ALLOYS FOR PHASE II

The criteria for selection of Phase II alloys for use as bases to
which the hardening agents will be added are:

1. Stability
2. Fabrication Properties
3. Yield Strength, Total and Uniform Elongation
4. Ease of Melting
5. Density
6. Oxidation Resistance
7. Cost
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These will now be dealt with in turn, and the final choices for
Phase II discussed in detail. u
Stability

(this was defined as the ability of the alloy to undergo an aging treat-
ment of 900F for 8 hours without increasing in strength more than 10% of
the annealed value. When given this test, 11 of the 39 alloys under consi-
deration did not meet this criterion and were therefore discarded. In all
instances, these were alloys that had insufficient quantities of beta-
stabilizing elements added. Increases in strength were accompanied by
losses in ductility.

Ease of Fabrication

An important property of the alloys was their ability to be rolled into
sheet without cracking. This was determined by hot rolling down to
0. 080-inch, sandblasting and pickling, then cold rolling down to 0. 050-inch.
Thirteen of the thirty-nine alloys cracked up so badly in cold rolling that
they could not be considered. This lack of rollability was associated with
the higher percentages of beta-eutectoid stabilizers added and was ag-
gravated to some extent when Mo was present in the base. It was found
that good fabrication properties could not be retained when more than
7. 5% Fe, 10% Cr or 10% Mn were added to the base alloys. Borderline
cases, such as Ti-8Mo-8V-7. 5Fe-3A1, which developed some cracks in
rolling, were retained for further consideration as it was felt that with I
care good sheet could be produced. Fifteen alloys were thus candidates
and the final choices werm governed more by tensile properties than the
other factors. J
High Yield Strength and Uniform Elongation

In order to develop a commercially useful alloy capable of being
hardened to high strengths, it may be advantageous to start with an alloy
which possesses a good annealed strength along with adequate ductility. I
Furthermore, it is important that the alloy should have a good uniform
elongation, as this is an index of drawability. Ten alloys, listed in
Table V, met these selection criteria and were therefore selected asI
showing most promise in this project. These will be discussed later
and the reasons for choice gi ven. All ten of these alloys had a UTS
over 140, 000 psi and a yield strength of at least 135, 000 psi, yet still I
possessed over 10% total elongation.

8
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Ease of Melting

No difficulty in melting the alloys selected for Phase II from the
viewpoint of loss of alloying elements was expected. By analogy with
present commercial alloys, it would be expected that the manufacturers
could melt the base alloys without trouble. Certain of the proposed
additions, such as Be, might require study. A decision on one alloy,
Ti-15Mo-7. 5Mn-3A1, sas deferred pending an investigation of master
alloys that could be used.

Density

Density determinations showed that all the alloys fell within the
range of 0. 175 to 0. 189 lbs/cu. in. Experimental values found are detailedin Table III. Although strength/density ratio may be a factor in application
of the developmental alloys, no maximum density is presently stipulated.

Oxidation Resistance

Tests for oxidation resistance showed that this was higher with
increasing Mo content, and lowest in those alloys containing 17% V. These
data are of questionable significance in predicting behaviour in fabrication
or service.

Cost

Estimations of the cost of preparing any of the ten alloys considered
as candidates for Phase II showed that differences in material costs among
them were negligible.

FINAL SELECTIONS FOR PHASE II

Three of the ten base alloys considered suitable for modification
under Phase II were selected. These were:

1. Ti-8Mo-8V-7. 5Fe-3A1

2. Ti-17V-lOCr-3AI
3. Ti-15Mo-5Fe-3AI

A fourth alloy, Ti-15Mo-7.5Mn-3A1, was deferred pending a decision on
ease of melting.
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It will be seen that one alloy from each type of base was chosen.

This should uncover the relative advantages of each type and thus provide
a comparison among them.

The Ti-8Mo-8V-7. 5Fe-3A1 alloy had a yield strength of over
160,000 psi, total elongation over 20%, a uniform elongation of 10%, a
density of 0. 180 lbs/cu. in., fair oxidation resistance, but borderline
fabrication properties. Although cracking of the material did occur during Ti
rolling, this was not too serious and the sheet had the smoothly rounded i
outline characteristic of those alloys with good fabricability. During
analysis of the material, it was found that the Fe content was J% higher
than planned, which no doubt contributed to the rolling problem. This
alloy from the all around point of view was the best developed during
Phase I. I

Ti-17V-lOCr-3A1 had a yield strength of 135. 000 psi, total elongation
over 14%. uniform elongation of 10%. good rolling properties, a density
similar to Ti-13V-1lCr-3A1 (0. 175 lbs/cu. in. ), and fair oxidation resis-
tance. This alloy, though not having the strength of some of the other
alloys in the 17% V group, had greater ductility. jJ

Ti-15Mo-5Fe-3AI had a yield strength of 140,000 psi, total elongation
of almost 20%, uniform elongation of at least 10%, a density of 0. 183 ]
lbs/cu. in., and good oxidation resistance. This last might be due to the
preferential oxidation of Mo in the alloy, to MoO3 which may cause a
depletion of Mo in the surface. This postulate is supported by the observa-
tion that during hot rolling there was a progressive decrease in the amount
of fume emitted.

Ti-15Mo-5Fe-3A1 was judged to be the best representative from the
15% Mo group, having a good combination of strength and uniform elonga-
tion (though a lower strength/weight ratio than alloys in the other two I
groups).

Ti-15Mo-7. 5Mn-3A1 had properties similar to the above alloy. With
this alloy, however, melting of homogeneous ingots might prove to be a
problem because of the volatility of Mn. It might become necessary to
prepare a master alloy of Mo-Mn-Al first to minimize this.

-10-
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SELECTION OF PHASE U PRECIPITATION-HARDENING ELEMENTS

General Considerations

Precipitation-hardening as a means of strengthening titanium alloys
is presently used in several commercial alloys; well known amongst them
are Ti-6AI-4V and Ti-13V-IlCr-3AI. The former hardens by precipita-
tion of beta from martensitic alpha, and the other by way of a complex
reaction that essentially consists of rejection of alpha from metastable
beta. The purpose of this contract was to explore a third method of
precipitation-hardening; precipitation of an intermetallic compound from
a stable beta solution.

Conditions are favorable for precipitation of compounds in an alloy
system when certain conditions are fulfilled. The solid solubility curve
must be retrograde; examples of this are the Ti-Cu and Ti-Ge systems.
Theoreticallyr, in such systems precipitation-hardening can be accomplish-
ed by quenching from the beta field (or even from the beta plus compound
field), and aging in the alpha plus compound region. Under such conditions,
hardening may occur through formation of clusters of atoms which are
initially coherent with the parent lattice, which thereby lead to high strengths
in the alloy through coherency strains. Alternatively, if the alloy content
of a beta eutectoid element is increased so that it exceeds the eutectoid
composition, aging above the eutectoid temperature after sufficiently rapid
cooling to retain beta could allow dispersion hardening by means of
compound formation. Preferably, either of these two mechanisms should
be fairly rapid at low temperatures so that hardening may be accomplished
within reasonable times. Also, the compound precipitation kinetics should
be such that significant hardening occurs before alpha begins to form.
However, it is probably not possible to suppress alpha precipitation
completely at reasonable levels of alloy content.

A literature survey was therefore undertaken of the alloying element
characteristics pertinent to precipitation-hardening of the beta matrix.
A list of the elements considered, with their atomic size factors,
solubilities In alpha and beta titanium, elect ronegativity, valency, and
type of intermetallic compound formed is given in Table VI. The relation-
ship of the atomic size factors and electronegativity to the solubilities
in alpha and beta titanium is shown graphically in Figures 17 and 18.
Also included in the table is the respective cost (in dollars/pound) of each
element and, based on this figure, the maximum amount which could be
added without raising the cost of the alloy more than 10%. Other factors,
such as volatility and density, may become of major importance when
selecting ag element for use as a precipitation-hardening agent.
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Alloying elements may be divided into beta-eutectoid, compound
formers, and peritectoid categories. They are considered next under
these headings and the reasons for acceptance or rejection given. Table
VII summarizes the resons for rejection of elements found unsuitable.

Beta-Eutectoid Elements II
A group of beta-eutectoid elements which have extensive solubility

in the beta phase, but a restricted one in alpha titanium, are: Cr, Co, Cu,
Fe, Mn, Ni, U, Ag, Au, Bi, Pb, and Ti. One of these elements, Cu,
has already been the subject of a pat, 't as a precipitation -hardening
agent in a binary Ti-Cu alloy. It also has the largest solubility in alpha
titanium of any of the above elements and thus was a natural choice for
this project. Of the other agents, sufficiently large amounts of Fe, Cr, d
and Mn have been found to cause poor fabrication properties in Phase I;
in addition, their sluggish eutectoid reactions would necessitate unduly
long aging times. Uranium has a high density and is costly. Nickel 11
and cobalt, however, are cheap, readily available, have medium densities,
and should produce hardening when added in relatively small amounts.
Cu, Ni, and Co were therefore selected from this group for use in Phase II.

With all the above elements, hardening is accomplished by precipita-
tion of compounds listed in Table VI. Of these compounds, Ti 2Cu, I
Ti 2Co, and Ti 2 Ni are Isomorphous and therefore should be miscible in
all proportions because of the similar size factors and electronegativity
of their constituent atoms. Hence, it might be possible to substitute one j
element for another and achieve even greater hardening with mixtures of
the compounds.

The other elements in the above group had various drawbacks which
led to their rejection. For example, silver and gold have favorable atomic
size factors with respect to titanium, and have also been the subject of
investigation as precipitation-hardening agents. However, silver has
extensive solid solubility in beta and the solvus slope is almost vertical.
Because it was felt that excessive quantities of silver would be needed
for hardening, the element was rejected. Gold has a favorable solvus
slope, but is heavy and costly; it was, therefore, also discarded. I

Other beta-eutectoid elements considered were Bi, Pb, and Tl.
However, Bi boils below the melting point of titanium and was considered
unsuitable; Pb and TI also have high volatility. Although the Ti-T1
system is unknown, on a basis of size factor, electronegativity and
position in the periodic table, its alloying effects are probably similar
to those of Pb. Unreported TMCA work shows that upon melting a

-12-
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Ti-5TI binary alloy, only 0. 5% Ti was retained and that was in solution.
As lead and thallium have in addition high densities, tbay were dropped
from consideration for use in Phase II.

II Compound Formers

These are elements with limited solubility in both alpha and betaIphases and which form compounds. The rather similar elements Ge and
Si form isomorphous compounds Ti 5 Ge 3 and Ti 5 Si 3 . Germanium is an
alpha stabilizer, with a favorable size factor and hence appreciable

I -solubility in alpha titanium. However, germanium was not considered as
it is currently priced at $145,00 per pound. Attention was therefore shifted
to silicon. Because of its unfavorable size factor, the solid solubility
is restricted; however, it has a maximum solubility of over 0. 5% in
alpha and about 3% in beta. Silicon has also been used as an addition to
promote high strength in other alloys. It is fairly cheap and of low density
and was therefore included in Phase II.

Indium was also considered, but its high price plus the large amount
needed for hardening ruled it out.

The Ti-Be system is largely unknown. However, Be lowers the
melting point of titanium; a binary Ti-3Be alloy melts below 1800F. On
the possibility that a favorable retrograde solvus may exist, Be was
included in the list of hardening agents for Phase II. No problem with

1toxicity in button melting is anticipated as massive Be will be used and
also because melting will be under atmospheric pressure with furnace and
exhaust train scrubbing after melting.

Peritectoid Elements

jUse of the rare earths as hardening agents was considered. Because
of their low electronegativity values and relative size factor, solid
solubility is limited. There is an apparent lack of chemical affinity
between titanium and the rare earths because the precipitate is the rare
earth itself. Therefore, if the binary alloys are fabricated at temperatures
above the melting point of the rare earth and below their solvus tempera-
tures, they are likely to be hot short. However, the complexity of
the present alloys may result in the formation of compounds of the
rare earths, such as with aluminum, which have high melting points
and so overcome the difficulty. On these grounds it was decided to employ
misch metal as a hardening agent. Substitution of Y, Nd or Gd might
overcome the hot-shortness problem, but these elements cost at least

$100. 00 per pound at current market prices.
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Selection of Levels

The elements selected for use as hardening agents in Phase II
were Cu, Ni, Co, Si, Be, and misch metal. It was decided to add the
first three in quantities of 1, 3 and 5%, which should bracket the eutectoid
compositions. If necessary, the total beta-stabilizing content of the
alloy may be reduced to overcome embrittlement. As Si and Be have a
low solubility in alpha, it was decided to add 0. 5, 1, and 2% of each.
Addition of the rare earths as misch metal in amounts of 1, 2, and. 3%
were decided upon, as these bracket the maximum binary solubilities.
It is not known, however, what the effects of addition of the large
quantities of beta-stabilizers will have on the precipitation equilibria or
kinetics.

SUMMARY OF PHASE II PLANS

On the basis of the Phase I results, three alloys were selected as
bases for Phase II: Ti-8Mo-8V-7.5Fe-3A1, Ti-17V-lOCr-3AI, and
Ti-15Mo-5Fe-3A1. Selection of a fourth alloy, Ti-15Mo-7.5Mn-3A1, was
deferred pending a decision of its melting feasibility.

Of the precipitation-hardening elements considered for Phase II, it
was decided to use 1, 3 and 5% Cu, Ni and Co; 0. 5, 1 and 2% of Si and Be;
and 1, 2 and 3% of misch metal. Alloys containing these hardening elements
will be prepared as 250 gram ingots and processed as before, the resulting
0. 05-inch sheet being evaluated by means of hardness tests following
solution heat treatment and aging.

CONCLUSIONS

1. Addition of 12. 5 and 15% Cr or Mn to Ti-8Mo-8V-3AI, Ti-lIV-3AI, or
Ti-l5Mo-3A1 alloys resulted in poor fabrication properties and low
ductility. On the basis of the present work, 10% Cr or Mn is the
maximum amount of Cr or Mn that can be added to these bases
consistent with good cold rolling properties.

2. Strength and moduli of the base alloys increased with replacement of
V by Mo, and to a lesser extent with addition of Mn and Cr alloy-ing elements.

3. Oxidation resistance was found to be lowest in alloys containing 17% V
and highest in those with 15% Mo. Of the other alloying elements
added, Cr conferred the beat oxidation resistance.

-14-
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TABLA Ml

DENSITIES OF SL ECTED IMASZ I ALLOYS I

Densities-1/cc Averagg

Heat No. Alloy No. I No. 2 Lbs/In

T3302 Ti-SMo-8V-SCr-3A1 4.879 4.879 0.1763
T3498 " " " 15Cr " 5.100 5.101 0.1843
T3305 " " " 2.57. " 4.853 4.851 0.1754
T3307 " " " 7.57. " 5.005 5.003 0.1807
T3308 " " ' 5Nn " 4.907 4.907 0.1774
T3504 " " " 151n " 5.192 5.191 0.1876

T3320 TI-17V-5Cr-3A1 4.751 4.749 0.1717
T3496 " " 15Cr " 4.974 4.970 0.1794
T3323 " " 2.SFe " 4.724 4.724 0.1707
T3325 " " 7.5F. " 4.870 4.869 0.1760
T3326 " " 5M~ " 4.774 4.776 0.1726
T3502 " " 15Mn " 5.048 5.046 0.1823

T3311 Ti-l5No-SCr-3A1 5.023 5.023 0.1815
T3500 , , 15Cr " 5.228 5.227 0.1888
T3314 " " 2.57. " 4.976 4.974 0.1795
T3316 , s 7.5F. " 5.143 5.141 0.1858
T3317 " , 5Nh " 5.025 5.023 0.1817
T3502 it l5In " 5.288 5.288 0.1912

Ti-13V-lCr-3A1- 4.80 1
Pure Ti - 4.51 1

I
I
I
I
I
I

I. !
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I A*
Ti-17V-12. 5Cr-3Al

TI-17V-lSCr-3AI

B.

Ti-8Mo-8V-12. 5Cr-3Al

Ti-8Mo-8V- 15Cr-SAl

Figure Is Appearance Of Sheet After Cold Rolling.



A.,i

Ti-l5Mo-12,5Cr-3A1 I

Ti-151vo-l5Cr-3A1

B.

Ti-17-12.5n-3A

Ti-17V-12.5Mn-3A1

Figure 2. Appearance Of Sheet After Cold Rolling.



A.

Ti-8Mo-8V-12. 5Mn-3A1

Ti-8Mo-8V-15Mn-3AI

B.

Ti-5M-12.W5n-3A1

TiIM-lMn-SMl

Figure 3. Appearance Of Sheet After Cold Rolling,



5053A 25O
Oxalic+ Krol Etc

5055B 250XH
Oxalic + Kroll Etch

Figure 4. T-3500, Ti-8Mo-Vl5r-3A. Ha-rlled Slipu BAdt
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509 250X

Oxli0+Kol Ec

Figure 6. T-3504, Ti-8V-8Mo-l5Mra-3A1, Heat Treated *-Hour At
1450F, Cuenched. Transgranular And Intergranular Cracking
Produced In Cold Rolling. Recrystallized With Some General
Precipitate,

5059E .250X

Oxli +- KrlEc

Figure~~~.. 7.T30,T-On.*5n3A etTete - rA

1550F, Ounhd ul ersalie ihSm riGrwhAdAFwCas arilsOieodPae
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fll

44D Oxalic + Kroll Etch 250

Figure 8. T-3318, Ti-l5Mo-7.5Mn-3Al. Annealed 15 Minutes At
1350F. Slow Cooled. 60%6 Recrystallized Beta With
Scattered Particles Of Second Phase. Uniform Elongation
25%; Total Elongation 30%; UTS 142.,000 psi.

ixi

4064F 250X
Oxalic + Kroll EtchI

Figure 9. 'T-3318, Ti-l5Mo-7. 5Mn-3A1. Heat Treated 15 Minutes At
1350F. Slow Cooled, Plus 8 Hours Age At 900F. LittleI
Change in Microstructure. Uniform Elongation 15%; Total
Elongation 2 2%; UTS 144, 000 psi.
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4066D 2O
Oxalic + Kroll Etch

Figure 10. T-3323, Ti-17V-2. 5Fe-3A1. Annealed 15 Minutes At
1350F, Slow Cooled. Partly Recrystallized With Second
Phase At Former Grain Boundaries. Uniform Elongation
7. 5%; Total Elongation 15%; UTS 120, 000 psi.

4066S 250X
Oxalic + Kroll Etch

Figure 11. T-3323, Ti-l7V-2.5Fe-3A1. Heat Treated 15 Minutes At
1350F, Slow Cooled, Plus 8 Hours Age at 900F, Heavy
Precipitate (alpha + TiFe ?) Rithln Grains. Uniform Elongation
5%, Total Elongation 7%, UTS 197, 000 psi.



TI

46A Oxalic + Kroll Etch 25I

Figure 12. T-3311, Ti-l5Mo-5Cr-3Al. Annealed 15 Minutes At
1350F, Slow Cooled. 50%6 Recrystallized Beta Nith Slight
Traces Of Second Phase. Uniform Elongation 12.,5%;
Total Elongation 19%, UTS 126, 000 psi.

4062B 250
Oxalc + rollEtc

Figre 3. -331, i-1Mo-Cr3Al Het Teatd 1 Miute I
135F, lowColedPlu 8 ou Ag At900. lowCooed
Unr crstalizd Gain Drkeed y AphaVit Oter
Uncangd.Unior Elngtio 106;Totl lonaton 8I

4062 13,000si
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~ I I Legend I
E ncircled SymbolI 7sa Solublity Limit. 1

90LIopen Symbol IndlceS 10 Solubility Limit.

90

Lo0 Favorable-

0

I AlplM Solubility Limit I
E 50 wI

Al Re Set0 Solubility Limit

40 -
s0 Pd 00-

20 In..4b F
Sn

Au Cu Co Pb. H

Atmi Siz Fto I

(% Difference In Radius)I

FIGURE l?. INFLUENCE OF SIZE FACTOR ON SOLID SOLUBILITY.1 SUBSTITUTIONAL ALLOYING) I



I
100 Cb V-MoCVf

'Enc~cle -Legend
Encicled Symbol Is 0 Sotubiity

- - I Limit.
Opus Symbol Indicates f-I Solubility Limit.

so i

~70-

2 IAlpha Solubility Limit

60-

! Re Se. olblit L1i

30 - Pdi®

0.5 1.5

EleCtroaegoativtp

FIGURE iS. INFLUENCE OF ELECTRONEGATIVITY ON SOLID SOLUBILITY.j (SUBSTITUTIONAL SOLUSILITY)
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